Fish assemblages play a key role in stream ecosystems and are influenced by physical habitat. We analyzed fish assemblages and physical habitat at 93 randomly selected sites on second-through fifthorder wadeable Iowa streams to explore fish assemblage relationships with reach-scale physical habitat in this agriculturally dominated landscape. Sites were sampled using DC electrofishing and the wadeable streams physical habitat protocol of the U.S. Environmental Protection Agency's Environmental Monitoring and Assessment Program. In all, 82 species were collected, with species richness at sites averaging 14. Over 80% of the sites had fish assemblages rated as fair (53%) or poor (32%) based on a fish index of biotic integrity (FIBI). Ordination separated sites from the two major river drainages along an axis of impairment, with sites in the Missouri River drainage exhibiting lower FIBI scores than sites in the Mississippi River drainage. Physical habitat at most sites exhibited fine substrates, eroding banks, and low-gradient, nonmeandering channel and was dominated by glides. Thirty physical habitat variables describing channel morphology, channel cross section and bank morphology, fish cover, human disturbance, large woody debris, relative bed stability, residual pool, riparian vegetation, and substrate differed significantly between sites with FIBI scores rated as poor and those with FIBI scores rated as good or excellent. Eighteen physical habitat variables were significant predictors of fish assemblage metrics and FIBI in multiple linear regression models, with adjusted R 2 values ranging from 0.12 to 0.58. Seventy percent of the model coefficients reflected substrate (40%), residual pool (21%), and fish cover (9%) variables. Fish assemblages in wadeable Iowa streams are strongly associated with the quality of physical habitat. Thus, understanding and addressing the determinants of physical habitat are crucial for managing streams in Iowa and other agricultural regions.
Fish assemblages play a key role in stream ecosystems through herbivory, planktivory, insectivory, and piscivory (Allan 1995; Matthews 1998) . These trophic interactions have been shown to affect stream community composition directly by reducing prey abundances and indirectly through competitive release. Fish can act to alter stream nutrient cycling by herbivory or through translocation of nutrients via consumption and subsequent excretion. Fish also act to modify their physical surroundings. Bioturbation by stream fish can have direct and indirect effects on other stream inhabitants by altering critical habitats through removal of fine sediments from spawning beds, construction of gravel-mound redds, grazing of algae and macrophytes, or suspension of fine sediments while foraging.
Fish assemblages also play a crucial role in the assessment of stream health (Simon 1999) . Fish can be easily captured and measured and have been used as indicators of environmental health since the 1800s (Davis 1995) . Fish are normally present in even the smallest streams, and the general public can more easily relate to statements about fish than to statements about other taxonomic groups of stream biota (Karr 1981) . Fish assemblages are good response indicators because they integrate the effects of multiple stressors (Karr et al. 1986 ), can persist and recover from natural disturbances, and can reflect both current and longterm environmental effects (Barbour et al. 1999 ). Development of multimetric indices, such as the index of biotic integrity (IBI; Karr 1981; Fausch et al. 1984; Wilton 2004) , and establishment of biological criteria North American Journal of Fisheries Management 29: [1314] [1315] [1316] [1317] [1318] [1319] [1320] [1321] [1322] [1323] [1324] [1325] [1326] [1327] [1328] [1329] [1330] [1331] [1332] 2009 Ó Copyright by the American Fisheries Society 2009 DOI: 10.1577/ M08-192.1 [Article] (Lyons 1992; Yoder and Rankin 1995; Wilton 2004) have enabled use of fish assemblages as indicators of stream health.
Physical habitat is an important determinant of the condition of stream fish assemblages . Physical habitat characteristics, such as current velocity (Poff and Allan 1995) , water temperature (Wang et al. 2003) , coarse particulate organic matter and woody debris (Gregory et al. 1991 ), depth and cover (Schlosser 1982; Berkman and Rabeni 1987) , appropriate substrates for spawning (Berkman and Rabeni 1987) , and relative bed stability (Kaufmann and Hughes 2006) , have all been shown to influence fish assemblages. Fish species diversity has been shown to increase as habitat diversity increases (Gorman and Karr 1978) . Habitat alterations that reduce complexity (Paragamian 1987; Shields et al. 1994; Lau et al. 2006) or decrease the stability of environmental conditions (Poff and Allan 1995; Lammert and Allan 1999; Diana et al. 2006) have been shown to reduce fish diversity and abundance. Modification of physical habitat can lead to brief or long-lasting changes in the composition of stream fish assemblages depending on the severity of the disturbance (Reice et al. 1990) .
Streams in Iowa and other midwestern states have been profoundly altered due to pervasive agricultural land use (Menzel 1983; Karr et al. 1985; Waters 1995; Heitke et al. 2006 ). In the mid-19th century, Iowa was transformed from prairie and wetlands that absorbed water to cultivated fields and pastures, which accelerated drainage and reduced water storage (Bogue 1963; Menzel 1983) . This hydrologic change occurred through extensive conversion of native land cover to row crops, draining of wetland soils, ditching, and channelization, which caused an increase in peak flows and a decrease in base flow (Campell et al. 1972 ). An estimated 4,800 km of stream channel in Iowa were lost to channelization (Bulkley 1975) . As peak flows increased, so did the streams' power or ability to erode and carry sediment. The resulting channel erosion and incision led to decreased substrate heterogeneity and an increase in dominance of sand and silt (Menzel 1983) . The amount of cover for fish was reduced as the increased stream power removed aquatic macrophytes and as increased sedimentation covered coarse substrates (Menzel 1983) . Channelization removed woody debris and reduced habitat complexity. In western Iowa, severe erosion and incision resulting from channelization and agricultural land use necessitated construction of over 400 grade control structures immediately downstream from bridges, which in turn have impeded fish passage and altered upstream fish assemblages (Litvan et al. 2008a (Litvan et al. , 2008b . These direct and indirect effects of agriculture have been shown to reduce species diversity and abundance in streams in Iowa (Paragamian 1987; Heitke et al. 2006 ) and other midwestern states (Karr et al. 1985; Roth et al. 1996; Allan et al. 1997; Wang et al. 1997) .
The overall goal of this study was to explore fish assemblage relationships with reach-scale physical habitat in wadeable Iowa streams. Our specific objectives were to (1) quantify and characterize the fish assemblages, including biotic integrity, in an unbiased sample of wadeable, second-through fifthorder Iowa streams representing all major river drainages and ecoregions, (2) quantify and characterize reach-scale physical habitat conditions at fish collection locations, (3) identify physical habitat variables that are significantly associated with fish assemblage characteristics, and (4) quantify, describe, and interpret fish assemblage relationships with physical habitat. Our study was part of two nationwide U.S. Environmental Protection Agency (USEPA) programs: the Environmental Monitoring and Assessment Program (EMAP; Whittier and Paulsen 1992) and the Wadeable Streams Assessment (WSA) program (USEPA 2006) .
Study Area Site Selection
Stream locations were selected by the USEPA Office of Research and Development using the systematic stratified random selection procedure developed for EMAP and the WSA program (Stevens and Olsen 1999) . Stream segments were defined as lengths of stream extending from a downstream confluence to the next upstream confluence. All second-and higherorder stream segments on the U.S. Geological Survey's 1:100,000-scale River Reach 3 (USGS 1999) map coverage of Iowa, with the exceptions of the Mississippi and Missouri rivers, were eligible for selection. Segments were selected at random, stratified by stream order. Specific site locations along selected segments were in turn selected randomly, and these locations were the center of sampling reaches. If greater than 60% of a reach to be sampled was judged to be nonwadeable, the site was excluded.
Ecoregions of Iowa
Iowa contains four ecoregions (Figure 1) as described by McMahon et al. (2001) . The largest ecoregion is the Western Corn Belt Plains, characterized by smooth to irregular plains and low hills, 69-89 cm of annual precipitation, and native tallgrass prairies and oak (Quercus spp.) and hickory (Carya spp.) forests that are largely converted to row crop agriculture. The Western Corn Belt Plains ecoregion is divided into seven subregions (Griffith et al. 1994) . The Northwest Iowa Loess Prairies subregion has the FISH ASSEMBLAGE-PHYSICAL HABITAT RELATIONSHIPS highest elevation and the lowest average precipitation in the state. In north-central Iowa, the Des Moines Lobe subregion has loamy soils and a poorly developed stream network. Most of this subregion has been converted from wet prairie to intensive row crop agriculture with substantial subsurface drainage. The Iowan Surface subregion transitions from the limestone bedrock of the Paleozoic Plateau to the glacial landforms of the Des Moines Lobe. Stream gradients in the Iowan Surface subregion are generally low, but groundwater from limestone aquifers contributes significantly to some streams. In the Missouri Alluvial Plain subregion, most streams are channelized and wetlands have been drained for row crop agriculture. The Western Loess Hills subregion and the Loess Hills and Steeply Rolling Prairies subregion are characterized by thick deposits of loess soils, greater topographic relief than that in neighboring subregions, and significant amounts of rangeland, pasture, and deciduous forest. Streams in the Western Loess Hills subregion are particularly prone to erosion because of the higher gradients and light and friable soils. The Southern Iowa Rolling Loess Prairies subregion is characterized by moderate topographic relief and loess soils.
The Central Irregular Plains ecoregion in far southern Iowa is topographically more irregular than most of the Western Corn Belt Plains. This ecoregion is characterized by irregular plains and low hills, 76-89 cm of annual precipitation, and native tallgrass prairies and oak and hickory forests that are converted to a mixture of row crop agriculture and pasture, with significant deciduous forests occupying riparian zones and areas of highest topographic relief.
The Paleozoic Plateau ecoregion in northeast Iowa, referred to as the ''Driftless Area'' due to its lack of recent glaciations, differs sharply from the other ecoregions in Iowa. This ecoregion is characterized by significant topographic relief, 81-86 cm of annual precipitation, and native maple (Acer spp.) and basswood (Tilia spp.) forests that are converted to a mixture of row crops, pastures, and riparian forests. Due to the topographic relief, relatively thin soils, and shallow and often exposed limestone bedrock, streams in this ecoregion are entrenched in forested, shady valleys; have cooler and more stable temperatures from groundwater input and higher shading; have higher gradients; and have coarser substrates than other ecoregions.
The Interior River Lowland ecoregion, lying primarily to the south and east of Iowa in the Mississippi, Illinois, Missouri, Ohio, and Wabash River valleys, occupies a small portion of southeast Iowa along the Mississippi River and lower Iowa and Cedar rivers. In Iowa, this ecoregion is characterized by relatively flat alluvial floodplains, annual precipitation of 86-91 cm, native prairies and oak and hickory forests that are converted to row crop agriculture, and forests present along riparian corridors and steeper valley slopes.
Methods
Fish assemblages.-Fish assemblages were sampled following the Iowa Department of Natural Resources wadeable streams bioassessment protocol (Wilton 2004) . Fish assemblages were sampled in reaches using single-pass upstream electrofishing with either a DC tow barge or single or dual pulsed-DC backpack electrofishers (Simonson and Lyons 1995; Yoder and Smith 1999) . Reaches were centered on the X-point and isolated with block nets to prevent escape. The reach length for streams with a mean width of less than 12 m was 30 times the mean width. The reach length for streams with a mean width greater than 12 m was 20 times the mean width, with a maximum length of 400 m. An effort was made to sample all accessible macrohabitats in the reach and collect all stunned fish. All fish collected were identified to species, counted, examined for external physical abnormalities, and released alive.
We calculated 12 metrics that have been shown to indicate fish assemblage health in Iowa streams (Wilton 2004) . The 12 metrics include (1) number of native fish species, (2) number of sucker species, (3) number of sensitive fish species, (4) number of benthic invertivore species, (5) percent abundance of the three dominant fish species, (6) percentage of fish as benthic invertivores, (7) percentage of fish as omnivores, (8) percentage of fish as top carnivores, (9) percentage of fish as simple lithophilous spawners, (10) fish assemblage tolerance index, (11) adjusted catch per unit effort, and (12) percentage of fish with deformities, erosions, lesions, or tumors (DELTs). These metrics are similar to those included in the original IBI of Karr et al. (1986) . All metrics are assumed to have a positive relationship with fish assemblage health except percent abundance of the three dominant fish species, percentage of fish as omnivores, fish assemblage tolerance index, and percent DELTs, which are assumed to have negative relationships with biological integrity. The 12 metrics were combined to generate a fish IBI (FIBI) score with a range of 0-100, where a score of 71-100 is excellent, 51-70 is good, 26-50 is fair, and 0-25 is poor (Wilton 2004) .
Physical habitat.-Physical habitat was sampled following the USEPA EMAP wadeable streams physical habitat protocol (Peck et al. 2006) , with data reduction and metric calculation as described by Kaufmann et al. (1999) . This protocol generated 342 variables of reach-scale physical habitat in 11 categories, including channel morphology, channel cross section and bank morphology, fish cover, flow, human disturbance, large woody debris, relative bed stability, residual pools, riparian vegetation, sinuosity and slope, and substrate composition. Sampling occurred over a reach length that was 40 times the mean stream width and centered on the selected X-point. Eleven crosssectional transects were evenly spaced at four times the mean wetted stream width along the reach. To characterize channel and riparian condition, measurements of cross section dimensions were taken at each transect. These measurements included wetted channel width, bank-full width, bank-full height, height of channel incision, undercut bank distance, and depths at five points: left bank, 25% width, mid-channel, 75% width, and right bank. Bank-full channel is defined as the channel that is filled by moderate-sized flood events that typically occur every 1-2 years. These events normally do not spill over into the floodplain but can be estimated by the location of a slope change on the bank, the point where water would begin to overflow the banks. Flows at bank-full stage are considered to control the channel dimensions in most stream channels. The angle of the bank was measured from the water's edge with a clinometer. Measurements of channel slope and bearing were taken by backsighting to the previous transect using a clinometer and compass. Canopy density was measured with a convex Lemmon spherical crown densiometer at each bank while facing the bank and from the mid-channel facing upstream, downstream, and each bank.
Along each cross-sectional transect, estimates of substrate size and embeddedness were recorded at the same locations where depths were measured. Substrates were estimated with a modified Wolman pebble count. Embeddedness is an estimate of the lack of interstitial spaces between the substrate particles in a 10-cm radius around the sampled particle. Additional estimates of substrate size were taken halfway between transects at the same five channel locations (left bank, 25% width, mid-channel, 75% width, and right bank) for a total of 105 particles throughout the entire reach. Size was estimated into one of 13 size-classes from fines to bedrock. Relative bed substrate stability was estimated as a ratio of the observed mean substrate particle diameter to the critical diameter at bank-full flow, which is the largest particle diameter that would be mobile during a bank-full flow event.
Riparian vegetation at each transect was classified visually within a 10-m 2 area centered on transects and extending 10 m from each bank. Cover was classified as absent, sparse (,10%), moderate (10-40%), heavy (40-75%), or very heavy (.75%). Vegetation was further classified into three height categories (canopy: .5.0 m; mid-layer: 0.5-5.0 m; ground cover: ,0.5 m) and classified by type (deciduous, coniferous, shrubs, grasses, and barren).
Instream cover at each transect was classified visually within an area extending 5 m upstream and 5 m downstream along the transect. Cover categories included filamentous algae, macrophytes, large woody debris, small woody debris, live trees, roots, overhanging vegetation, undercut bank, boulders, and other. Proximity of human disturbances was recorded at each transect as (1) on the bank, (2) within 10 m of the bank, or (3) beyond 10 m from the bank but visible from the stream.
Thalweg profile was derived by measuring maximum depth along the channel at 10 or 15 evenly spaced intervals between the 11 transects, creating 100 or 150 individual measurements along the entire reach. In streams with a mean width less than 1.5 m, the interval was decreased to capture the heterogeneity of the habitat by taking 15 measurements. In streams that had a mean width greater than 1.5 m, 10 intervals were used between transects. At each interval, maximum depth was measured, habitat was classified by water flow characteristics (e.g., pool, glide, riffle, or rapid), pool-forming features were identified, and the presence of soft and small sediments was recorded. Thalweg profiles were used to estimate residual pool characteristics. A residual pool was defined as an area that would contain water even at zero discharge due to the damming effect of its downstream riffle crest. The residual pool longitudinal profile of the reach was used to calculate reach aggregate volumes and residual pool summary variables. Depositional sediment bars, islands, side channels, backwaters and anthropogenic disturbances (e.g., field drain pipes) were also recorded as the thalweg profile was mapped between transects. All pieces of large woody debris were counted between transects and were categorized by length, diameter, and presence in the wetted channel or bank-full channel.
Stream discharge was estimated using the velocity area method at a single transect close to the center of each reach that had relatively uniform depth, substrate, and flow. Transects were divided into 15 or more cells such that cells were less than 1 m in width. Velocity was measured with a Marsh-McBirney flowmeter at 60% water column depth in each cell. The sum of all cell products (width 3 depth 3 velocity) was used to estimate stream discharge (m 3 /s) for the reach.
Data analysis.-Fish assemblage characteristics were analyzed for association with the 342 reach-scale physical habitat variables. We used a five-step variable selection process to test for association with the fish assemblages and create models to predict fish assemblage metrics and FIBI. The five steps included (1) nonmetric multidimensional scaling (NMDS) ordina-tions, (2) fitting physical habitat variables as vectors to the ordinations and testing for significance, (3) ranksum tests of the physical habitat variables between sites with FIBI scores of 25 or lower (poor) and sites with scores greater than 50 (good or excellent), (4) removal of redundant variables, and (5) multiple linear regressions to identify physical habitat variables that are significant predictors of fish assemblage metrics and FIBI.
We created three separate NMDS ordinations based on species abundance, species presence or absence, and fish assemblage metrics. The NMDS method is a nonlinear ordination used to graphically represent the similarity in species composition in multiple dimensions. Sites with similar assemblages plot close together, and sites with dissimilar assemblages plot far apart. The NMDS is unconstrained by environmental variables, so the ordination of sites is driven only by species composition. Unconstrained ordinations are more appropriate for investigating relationships with a large suite of environmental variables (P. Dixon, Iowa State University, personal communication). Environmental variables can then be fit to the ordination as regressed vectors to identify or test for associated environmental gradients. The ordination of species abundance was based on a matrix of pairwise similarities between sites generated using Bray-Curtis distance coefficients (Legendre and Legendre 1998) . Species abundances were quantified as number per 100 m of stream. The presence-absence ordination was generated from a matrix of pairwise similarities between sites using Jaccard distance coefficients (Legendre and Legendre 1998) . The ordination of fish assemblage metrics was generated from a matrix of pairwise similarities between sites using Canberra distance coefficients (Legendre and Legendre 1998) . We chose not to remove any species from the analyses because we reasoned that uncommon or rare species are sampled less frequently because they are responding to environmental conditions and are thus important in detecting environmental changes (Cao et al. 1998 ).
All physical habitat variables were fit to the ordination as vectors. Vectors indicate the direction of most significant change, which can be interpreted as the direction of an environmental gradient. The length of the vector is proportional to the strength of the correlation between the ordination and the physical habitat variable. This can be interpreted as the strength of the environmental gradient. Tests for significance of these correlations were run using Monte Carlo permutation tests. The R 2 value was considered significant if it was greater than the 95th percentile of 1,000 randomly permuted correlations. Variables that were significantly correlated with the ordination were retained. The NMDS ordination was created using the metaMDS function, permutation tests were performed using the envfit function, and surface fitting was performed with the ordisurf function in the Vegan package (Oksanen et al. 2007 ) for R software (R Development Core Team 2006) .
The physical habitat variables that were significantly correlated with at least one ordination were then evaluated using Wilcoxon rank-sum tests. Variables were tested for their ability to distinguish between sites with poor FIBI scores ( 25) and sites with good or excellent scores (.50). Variables that significantly (P 0.05) distinguished between sites based on FIBI scores were retained. These retained variables were then assessed for redundancy. Groups of highly correlated variables were considered redundant and reduced to one variable (Pearson's product-moment correlation coefficient r . 0.75). Variables that have been previously shown to influence biotic condition, variables with high correlation values with the NMDS ordinations, and composite variables were retained from groups of correlated variables. Rank-sum tests and correlation analyses were performed in the Statistical Analysis System (SAS; SAS Institute 1996).
Stepwise multiple linear regression was used to identify statistically significant predictors of fish assemblage metrics and FIBI from the retained set of physical habitat variables. Forward stepwise variable selection was used, in which the first variable chosen produced the single-variable model with the highest r 2 and subsequent variables were chosen to maximize the improvement in R 2 while maintaining significance of all previously included variables. The significance level for inclusion of predictor variables was 0.05. Regression models were checked for overly influential observations, and residual plots were examined to evaluate assumptions of linearity and equal variance. Multiple linear regression analysis was performed in SAS (SAS Institute 1996) using PROC REG and the STEPWISE variable selection procedure.
Results

Site Selection
Of the 106 total sites sampled, 93 were retained for further analysis (Figure 1 ; Rowe 2007) . Ten sites were omitted because they were dominated by coldwater species. Coldwater streams are very limited in Iowa, are subject to intensive salmonid stocking and management, and support fish assemblages that are more appropriately evaluated with an IBI specifically designed for coldwater assemblages (Lyons et al. 1996; Mundahl and Simon 1999) . Furthermore, assemblages at these 10 sites differ from the majority of assemblages in response to temperature rather than physical habitat, which was the focus of our analysis. Three additional sites were omitted because no fish were captured and severe pollution was suspected. The remaining 93 sites represented all four ecoregions of Iowa and the seven subregions within the Western Corn Belt Plains ecoregion (Figure 1 ).
Fish Assemblages
We collected 43,737 fish from 82 species (Table 1) . Species richness at sites ranged from 1 to 35, with a mean of 14. Total catch at sites ranged from 14 to 1,835 fish, with an average catch of 186 fish/100 m. The bluntnose minnow had the highest total catch, followed by the creek chub, central stoneroller, sand shiner, and bigmouth shiner. Creek chub occurred at the most sites, followed by the bigmouth shiner, sand shiner, bluntnose minnow, green sunfish, johnny darter, and white sucker. Three nonnative species were sampled: common carp, goldfish, and brown trout. Common carp were frequently sampled, occurring at 37% of the sites, whereas only a single goldfish and a single brown trout were sampled.
Tolerance index, a measure of the proportion of intermediate and tolerant species (possible range ¼ 0-10), averaged 7.2 (observed range ¼ 3-10). A tolerance index value of 10 describes an assemblage dominated by fish that are tolerant of environmental degradation. The average FIBI score at sites was 34; the lowest score was 1 and the highest was 90. Six sites (6%) were scored as excellent (FIBI . 70), eight sites (9%) were scored as good (FIBI ¼ 51-70), 49 sites (53%) were scored as fair (FIBI ¼ 26-50), and 30 sites (32%) were scored as poor (FIBI 25) .
The NMDS ordinations of species abundance, species presence-absence, and FIBI metrics were evaluated at two and three dimensions. There was only a small improvement in stress values between ordinations with two or three dimensions, so all analyses were performed in two dimensions to simplify graphical presentation. Stress values ranged between 15.1 for the ordination of FIBI metrics and 21.7 for the ordination of species abundance. All three types of ordination (species abundance, species presence-absence, and FIBI metrics) revealed equivalent patterns of similarity among sites. Therefore, we will present only the ordination of species abundance, which retains the most information and has the clearest patterns.
The NMDS ordination of sites by species abundance showed good separation of sites, with a tendency for sites in the major river drainages to show some separation (Figure 2 ). There was some clustering of sites by ecoregion. For example, the Paleozoic Plateau sites grouped to the far left and the Interior River Lowland sites grouped near the top. However, there FISH ASSEMBLAGE-PHYSICAL HABITAT RELATIONSHIPS was significant interspersion of sites from different ecoregions, suggesting that ecoregional differences explain little of the variation within the ordination. We fit flexible surfaces to the ordination to explore relationships with stream health (FIBI score) and stream size (stream order) and to facilitate interpretation ( Figure 3 ). The surface describing stream health showed a gradient in which FIBI increased from the bottom right toward the upper left corner. The stream order surface showed a gradient of increasing stream FIGURE 2.-Nonmetric multidimensional scaling (NMDS) ordination based on fish species abundance in 93 sites on wadeable Iowa streams. Polygon hulls outline sites within the Mississippi River drainage (dashed border) or Missouri River drainage (solid border). Key at lower left indicates ecoregion or subregion (defined in Figure 1 and described in text). size from the bottom left to the upper right. The R 2 values for correlations between the ordination and the surfaces indicated that these factors explained a large amount of the variation in the ordination: 43% for the FIBI surface and 39% for the stream order surface. Figure 4 is the same ordination shown in Figure 2 but with species superimposed as weighted average positions based on site abundances. This technique facilitates interpretation of the ordination and is an alternative to labeling axes with species that account for strong effects on axis scores. Species that occur in smaller streams, such as the brook stickleback, fathead minnow, johnny darter, and southern redbelly dace, plot to the bottom left (compare with Figure 3 ). Species commonly found in larger streams and rivers, such as the walleye, white bass, gizzard shad, and freshwater drum, plot in the upper right. Species that are sensitive to environmental degradation, such as the northern pike, black redhorse, gravel chub, and smallmouth bass, tend to plot in the upper left. Species that are ubiquitous in Iowa, such as the sand shiner, yellow bullhead, suckermouth minnow, and green sunfish, are plotted near the origin.
Physical Habitat
Over 35,200 m of stream channel were sampled, and sites encompassed a variety of physical habitat conditions. Watershed size varied from 5.2 to 2,146.1 km 2 , with a mean of 332.5 km 2 . Twenty-five sites (27% of the total) were second order, 28 (30%) were third order, 30 (32%) were fourth order, and 10 (11%) were fifth order. The mean stream width varied from 1 to 37 m, with an overall mean of 10 m. The mean stream depth varied from 10.4 to 125.5 cm, with an overall mean of 47.8 cm. The wetted width : depth ratio had a range of 3.3-84.0 and a mean of 26.0. Sites were typically dominated by small substrates and eroding banks. The percentage of sand and fine sediments combined ranged from 44.2% to 99.0%, with a mean of 78.6%. Samples from sites in the Paleozoic Plateau ecoregion and the three northern subregions of the Western Corn Belt Plains (Northwest Iowa Loess Prairies, Des Moines Lobe, and Iowan Surface) had greater amounts of gravel and coarse substrates and smaller amounts of sand and fine substrate than samples from the Central Irregular Plains, the Interior River Lowland, and the southern subregions of the Western Corn Belt Plains ( Figure 5 ). Sites also differed when grouped by major drainage basin. Samples from sites within the Missouri River drainage had more hardpan and fines and less cobble and bedrock than samples from sites in the Mississippi River drainage. The height of channel incision ranged from 0.5 to 10.4 m, with an average of 3.1 m. Sites in the Missouri River drainage were on average 1.2 m more incised than sites in the Mississippi River drainage (P ¼ 0.002). Statewide, most sites were low gradient, nonmeandering, and dominated by glide habitat. Channel slope varied from 0.0% to 1.6%, with a mean of 0.2%. Only seven sites had slopes that were greater than 0.5%. The reach-scale sinuosity varied from 1.0 to 4.2, with an average of 1.2. Percent glide habitat varied from 0% to 100%, with a mean of 70.2%.
Relationships between Fish Assemblages and Reach-Scale Physical Habitat
Permutation tests identified 211 physical habitat variables as significantly correlated (P , 0.05) with at least one of the three ordinations (Rowe 2007) . Onehundred ninety-two variables were significantly correlated with the species abundance ordination, 206 variables were significantly correlated with the species presence-absence ordination, and 173 variables were significantly correlated with the FIBI metric ordination. Among the 211 variables that were significantly correlated with at least one of the NMDS ordinations, each of the 11 categories of physical habitat was represented by at least one variable.
Wilcoxon rank-sum tests identified 94 variables that were significantly different (P , 0.05) between sites with FIBI scores greater than 50 and sites with FIBI scores of 25 or less (Rowe 2007) . Sixty-four variables were removed because they were strongly correlated (r . 0.75) with other variables in the same category. The remaining 30 variables in nine categories were considered to be potentially important determinants of fish assemblage characteristics and were retained for further analysis (Table 2) . Variables expressing channel morphology, including standard deviation of thalweg depth, mean width : depth ratio, and percent riffle, were greater at sites with FIBI scores exceeding 50, whereas pool head length with sediment smaller than 16 mm in diameter and percent glide were greater at sites with FIBI scores of 25 or less. Variables expressing channel cross section and bank morphology, including standard deviation of bank-full width and mean bank-full width : depth ratio, were greater at sites with FIBI scores higher than 50, whereas mean bank angle and mean channel incision height were greater at sites with FIBI scores less than or equal to 25. All variables expressing fish cover, including areal proportion of boulders, percent large cover types, areal proportion of all natural cover types, and areal proportion of large cover types, were greater at sites with FIBI scores exceeding 50. A variable that expresses a form of human disturbance, row crops near the bank, was greater at sites with FIBI scores of 25 or less. All variables expressing large woody debris Table 1) are plotted as a weighted average of species abundance by site. Some species locations were adjusted slightly for clarity.
FISH ASSEMBLAGE-PHYSICAL HABITAT RELATIONSHIPS were greater at sites with FIBI scores higher than 50. A variable expressing relative substrate stability, the log 10 transformed ratio of mean observed substrate diameter to estimated critical substrate diameter at bank-full flow, was greater at sites with FIBI scores over 50. All variables expressing residual pool dimensions were greater at sites with FIBI scores exceeding 50. One variable that represented riparian vegetation-canopy cover-was greater at sites with FIBI scores higher than 50; another such variable-mid-layer herbaceous vegetation-was greater at sites with FIBI scores of 25 or less. Substrate variables, including the log 10 transformed 84th-percentile diameter class, percent fine gravel, and percent coarse substrate (.16 mm in diameter), were greater at sites with FIBI scores over 50, whereas percent fine sediments and percent sand plus fine sediments were greater at sites with FIBI scores less than or equal to 25.
Twelve multiple linear regression models were constructed to predict fish assemblage metrics and FIBI (Table 3 ). The physical habitat predictors included 18 variables representing nine categories. Two example relationships of a fish assemblage metric and FIBI with their most strongly related physical habitat predictors are shown in Figure 6 . Seventy percent of the model coefficients shown in Table 3 reflected substrate (40%), residual pool (21%), or fish cover (9%) variables. The model for number of native species explained 57% of the variation and included mean residual width (þ, positive relationship), percent fine gravel (þ), fish cover (þ), and canopy cover (þ). The model for FIBI explained 50% of the variation and included coarse substrate (þ), mean residual width (þ), percent fine gravel (þ), and channel incision height (À, negative relationship). The other 10 models explained an average of 35% of the variation (Table 3) .
The 18 physical habitat variables identified as predictors of FIBI and fish assemblage metrics (Table  3) were plotted as vectors on the ordination of fish species abundance (Figure 7) . Groups of vectors aligned along both axes. High percentages of fine and coarse gravel, boulders, and large fish cover features aligned opposite of channel incision height and percent sand and fine sediment along NMDS axis 1. Several variables describing channel and bank morphology, large woody debris, relative bed stability, and residual pool aligned with NMDS axis 2 and opposite the vectors expressing riparian row crops and percent fine sediment.
Cover, substrate, relative bed stability, channel incision height, and human disturbance variables were associated with major drainages and FIBI (compare Figure 2 with Figures 3, 7) . Large fish cover features, coarse substrate, and relatively stable substrates characterized Mississippi River basin sites with higher FIBI scores, whereas sand and fine substrates, greater channel incision height, and row crops near the bank characterized Missouri River basin sites with lower FIBI scores. 
Discussion
Fish assemblages in wadeable Iowa streams are associated with physical habitat characteristics. We identified 30 physical habitat variables that were significantly related to fish assemblage composition and significantly different between sites judged as poor based on FIBI score and sites judged as good or excellent. Eighteen of these variables were included in multiple regression models predicting fish assemblage metrics and FIBI. Several of the models explained over half of the variation in fish assemblage metrics and FIBI. These relationships are strong evidence that stream fish assemblages are influenced by physical habitat quality. Furthermore, we believe this supports use of physical habitat in conjunction with biological indicators for assessment of wadeable streams in Iowa.
Previous research suggests that physical habitat influences stream fish at three scales: reaches, mesohabitats, and microhabitats (Frissell et al. 1986 ). Ten of the 18 variables we identified as predictors of fish TABLE 2.-The 30 physical habitat variables significantly correlated with at least one ordination and significantly different between sites with good or excellent (.50) and poor ( 25) fish index of biotic integrity (FIBI) scores in wadeable Iowa streams. Variable names are as in Kaufmann et al. (1999) and Peck et al. (2006) . (Gorman and Karr 1978) . Shields et al. (1994) found that incised streams in northwest Mississippi had reduced species richness and smaller fish relative to a nonincised reference site. Infante et al. (2006) showed that streams in Michigan's Lower Peninsula with decreased depth at low flow and increased incision had reduced fish species richness and biomass. In an earlier study of Iowa streams, loss of habitat diversity from channelization reduced game fish abundances and total fish abundances but did not reduce species richness (Paragamian 1987) . Loss of habitat diversity also reduced invertebrate drift density in channelized reaches of Iowa streams (Zimmer 1976) . Channel incision results in loss of fish diversity and abundance through alteration of channel form, flow, and reduced connection with the floodplain. If sediment transport exceeds input, the result is a negative sediment budget leading to streambed erosion, which initially involves downcutting and then widening of the stream channel (Schumm 1977) . This process embeds coarse substrates in fine sediments, buries riffles, fills pools, and ultimately results in an unstable, homogenous stream bottom with little variation in depth and habitat diversity. As pools fill with sediment and eventually disappear, they no longer provide refuge at low flow, forcing fish to inhabit shallower areas with increasing temperature and decreasing dissolved oxygen (Smale and Rabeni 1995) . At high flows, incised channels have reduced frictional resistance, which increases current velocity, bed shear stress (Kaufmann et al. 2008) , and hydraulic stress on biota and leads to further erosion . Incision isolates the channel from the floodplain, preventing fish from accessing preferred spawning and rearing habitats and from entering lowvelocity refugia during periods of high discharge (Kwak 1988; Turner et al. 1994) .
Riparian vegetation affects stream biota by supplying large woody debris and cover and influencing instream temperature, bank stability, and primary production (Gregory et al. 1991 ). Ten of the variables distinguishing between sites with poor FIBI scores and those with good or excellent FIBI scores and four of the significant predictor variables described large woody debris, cover, and riparian vegetation; all exhibited relationships with FIBI and fish assemblage metrics that were consistent with previous research. Large woody debris serves as cover for fish, collection areas for particulate organic matter, and colonization sites for macroinvertebrates (Angermeier and Karr 1984) and can help to trap sediment and influence channel morphology and diversity (Gurnell et al. 2002; Wallerstein and Thorne 2004) . All four woody debris Table 2. FISH ASSEMBLAGE-PHYSICAL HABITAT RELATIONSHIPS variables that distinguished between sites with poor FIBI scores and sites with good or excellent FIBI scores had lower values at the sites with poor FIBI scores. Medium-diameter, long pieces of woody debris found above bank-full height were negatively correlated with the percent contribution of the top-three most abundant fish species, which in turn is negatively related to FIBI and stream health (Wilton 2004) . Although Heitke et al. (2006) found no significant relationship between large woody debris and fish assemblages in Iowa streams, our study, which employed a more robust sampling design and had a much larger sample size, corroborated other studies suggesting that large woody debris is beneficial to fish assemblages in midwestern streams (Stauffer et al. 2000; Talmage et al. 2002) . Vegetation stabilizes banks primarily through the development of a dense matrix of roots that holds soils and reduces their susceptibility to erosion. Vegetation naturally armors the stream bank and acts to physically prevent or reduce bank erosion (Zaimes et al. 2004) . Riparian forest buffers also reduce sediment input from row crop fields by up to 90% (Lee et al. 2000 (Lee et al. , 2003 . The absence of riparian vegetation exposes the channel to direct sunlight and elevates daytime temperatures (Wang et al. 2003) . In our study, canopy cover was nearly twice as extensive at sites with FIBI scores greater than 50 than at sites with FIBI scores of 25 or less.
Excessive fine substrates have been associated with reduced fish diversity in upper midwestern streams (Waters 1995; Nerbonne and Vondracek 2001; Talmage et al. 2002; Diana et al. 2006; Heitke et al. 2006) and have been shown specifically to reduce the abundance of benthic invertivores, herbivores, and simple lithophilous spawners (Berkman and Rabeni 1987) . All of the substrate variables distinguishing between sites with poor FIBI scores and those with good or excellent FIBI scores and all of the significant FIGURE 7.-Nonmetric multidimensional scaling (NMDS) ordination based on fish species abundance in 93 sites on wadeable Iowa streams and relationships with physical habitat variables (codes defined in Table 2 ). Solid triangles represent sites located in the Missouri River drainage, and inverted open triangles represent sites located in the Mississippi River drainage. Physical habitat variables that were significant predictors of fish assemblage metrics and the fish index of biotic integrity are plotted as vectors. Vector arrow indicates the direction of the most significant change, and length of arrow is proportional to the strength of correlation with the ordination. 1328 predictor variables representing substrate in our study showed relationships that were consistent with previous research.
Fish cover describes elements of the stream that provide refuge from predators and high current velocity. Cover also serves to retain particulate organic matter, provide colonizing sites for macroinvertebrates, and increase channel stability and hydraulic roughness. Heitke et al. (2006) showed a positive relationship between rock and total cover abundance with FIBI score in Iowa streams. Wang et al. (1998) showed a positive relationship between percent instream cover and fish IBI in low-gradient Wisconsin streams. In our study, all of the fish cover variables distinguishing between sites with poor FIBI scores and sites with good or excellent FIBI scores and the two significant predictor variables reflecting fish cover showed relationships that were consistent with previous research.
With their tendency toward higher FIBI scores, sites in the Mississippi River drainage were characterized as somewhat less impaired than sites in the Missouri River drainage. There are two possible explanations for this difference. First, streams in the Missouri River drainage could simply be more impaired than streams in the Mississippi River drainage. Second, the FIBI as currently calibrated could fail to account for natural differences between the Mississippi and Missouri River drainages. We favor the first explanation, but we acknowledge that some adjustment in how the FIBI is applied to the two major drainages might be desirable. Percentage of coarse substrates, fish cover, and bed stability all were greater at sites in the Mississippi River drainage. Sites in the Missouri River drainage generally had higher percentages of fine substrates, more incised channels, and greater proximity to row crop agriculture. Higher percentages of fine substrates in the Missouri River drainage in Iowa are probably related to the highly erosive and friable nature of the loess soils that dominate the ecoregions associated with this drainage. In addition, we found greater percentages of coarse substrates in the northern regions than in the southern regions; this reflects the more recent glaciation and thinner deposits of loess soils in northern Iowa than in southern Iowa (Menzel 1987) . The combination of erodible loess soils, lack of coarse substrate, and high percentage of row crop agriculture in the riparian zone interact to increase erosion and impair fish assemblages in the Missouri River drainage.
The Missouri River drainage has a less-diverse fish assemblage than the Mississippi River drainage, and the FIBI corrected for this difference in calibrating the richness metrics (Wilton 2004) . However, functional metrics, such as percentage of lithophilous spawners, may be inappropriate for the Missouri River drainage. Only two species of lithophilous spawners, the shorthead redhorse and suckermouth minnow, commonly occur in the Missouri River drainage. Metrics that account for functional groups normally identified with prairie stream systems, specifically cyprinids that release semibuoyant eggs during high water (i.e., minnows Hybognathus spp., chubs Macrhybopsis spp., and some shiners Notropis spp.; Dodds et al. 2004) , may be more appropriate for use in the Missouri River drainage. Differences observed in physical habitat and fish assemblages between the major river drainages are probably the result of natural physiographic variation (Griffith et al. 1994 ) and biogeographic differences (Abell et al. 2008) as well as anthropogenic influences. Identification of additional least impacted reference sites in the Missouri River drainage is needed to establish more appropriate regional criteria for fish and physical habitat in that portion of Iowa.
The collective evidence to date demonstrates strong, direct mechanistic linkages between fish assemblages and physical habitat in wadeable streams. The precise nature of these relationships varies with region and study methodology. The degree of human alteration also clearly influences the nature and strength of these relationships, as illustrated by our study and a previous study of Iowa streams (Heitke et al. 2006) . Another strong line of evidence from previous studies suggests that physical habitat integrates effects of larger-scale phenomena . In this view, physical habitat is seen as one of the important links between fish assemblages and landscape-level factors, such as geology, land cover, and anthropogenic disturbance. Because of the pervasiveness of land cover alteration in Iowa (Natural Resources Conservation Service 2000) and the associated degradation of aquatic habitats (Menzel 1983; Heitke et al. 2006) , it is especially important to fully document these linkages in Iowa streams. In a companion article (Rowe et al. 2009 , this issue), we explore relationships of landscape characteristics that influence fish assemblages through effects on physical habitat in wadeable Iowa streams.
